In this paper we will construct a linearized metric solution for an electrically charged system in a ghost free infinite derivative theory of gravity, and show that the gravitational potential for a point charge with mass m is non-singular, the Kretschmann scalar is finite, and the metric approaches conformal-flatness in the ultraviolet regime where the non-local gravitational interaction becomes important. We will also show that the cosmic censorship conjecture is not required in this class of singularity-free theories. Unlike in the case of Reissner-Nordström in general relativity, where |Q| ≤ m/Mp has to be always satisfied, in ghost-free infinite derivative gravity the opposite scenario |Q| > m/Mp, is also allowed, such as for an electron.
I. INTRODUCTION
Einstein's theory of general relativity (GR) has been tested to a very high precision in the infrared (IR) regime, i.e. at large distances and late times [1] ; including the recent detections of gravitational waves due to merging of binaries which matches excellently the predictions of GR [2] . However, as soon as one approaches short distances, the theory shows several problems, as for example black-hole and cosmological singularities at the classical level, and fails to be perturbatively renormalizable at the quantum level. Indeed, GR turns out to be incomplete in the ultraviolet (UV) regime, i.e. at short distances and small time scales.
It is well known that by adding quadratic terms in the curvature to the Einstein-Hilbert action one obtains a gravitational theory which becomes power counting renormalizable [3] . In the UV, the theory becomes conformal and in the infrared Einstein's GR is recovered, except that being a higher derivative theory of gravity, it suffers from instability due to the presence of a massive spin-2 ghost-like degree of freedom in the physical spectrum, whose emergence becomes evident by computing the graviton propagator around the Minkowski background [3] .
Recently, it has been shown that the infinite derivative gravity (IDG) can resolve this ghost problem and, at the same time, it can also resolve the short-distance singularity for a point-like object, regularizing the 1/r behavior of the metric potential in the linearized limit, therefore ameliorating the UV aspects of Einstein's and Newtonian gravity [4, 5] 1 . Furthermore, the time-dependent case yields a vacuum solution which is devoid of any cosmo-1 Prior to Ref. [5] , there have been discussions on resolving singularities in infinite derivative gravity in Refs. [6] [7] [8] [9] . However, the full quadratic curvature action was first derived in Ref. [5, 10] .
logical singularity [4, 11, 12] . It was also shown that the theory has a mass-gap at the linear level [13] , and never develops a singularity even in a dynamical setup [14, 15] . At the linearized level, the non-trivial gravitational solution, in the UV, gives rise to constant Ricci scalar, Ricci tensor and Riemann tensor, and the Weyl tensor becomes zero. The Kretschmann scalar remains constant and never blows up at the origin [16] . Also, the static solution has now been extended to a non-singular rotating metric which resolves the Kerr-type ring singularity in Einstein's GR [17] . In Ref. [18] , then authors have studied gravitational potentials in extended objects within ghost-free IDG, and found to be free from singularity.
Very recently, it has been shown that the full nonlinear equations of motion for a ghost free infinite derivative gravity, given by [19] , does not provide a 1/r α , with α > 0, as a full vacuum solution [20] , where the Weyl term played the crucial role. Furthermore, in the time dependent context the infinite derivative gravity does not give rise to the Kasner-type metrics as vacuum solutions, and therefore provides a way to avoid the BKL-singularity which describes an anisotropic collapse of a time dependent metric solution in the case of the Einstein-Hilbert action [21] .
As pointed out in Ref. [22] , the usual notion of vacuum solution that we use in GR, for example for the Schwarzschild solution, does not apply to the case of infinite derivative gravity. Indeed, the delta source distribution at r = 0, which is imposed as a boundary condition, is smeared out by the infinitely many derivatives, generating an extended source whose size is given by the scale of non-locality, r N L ∼ 2/M s [23] . This point is crucial in order to obtain a full metric solution which is regular at r = 0.
Infinite derivative gravity has also been discussed in the context of field theory. It is expected that infinite derivatives will ameliorate the quantum aspects as well, and it has been argued that such a class of theory will arXiv:1804.09624v1 [gr-qc] 25 Apr 2018 be super-renormalizable, see [6, 7, 25] . Moreover, high energy scattering of gravitons in this class of theory does not necessarily lead to a formation of a blackhole as shown in Ref. [26] . The scattering amplitude decreases exponentially, if the propagator and vertex corrections are correctly taken into account [25, 26] . Furthermore, in quantum field theory, infinite derivatives can be useful to understand the UV completion of the Standard Model [27] , and also the stability of the Higgs within the Abelian-Higgs model [28] .
The aim of this paper is to show how infinite derivative gravity will modify the gravitational potential generated by a charged source; we will produce a non-singular generalization of the Reissner-Nordström metric. We will briefly review the infinite derivative ghost-free gravity, then we will discuss the linearized metric of an electrically charged source. We will study various spacetime properties and discuss the consequences for the cosmic censorship hypothesis [29] [30] [31] .
II. INFINITE DERIVATIVE GHOST-FREE GRAVITY
The most general quadratic curvature gravity in 4 dimensions, which is parity invariant and torsion free around a constant curvature background can be written as [5, 10] 
where = g µν ∇ µ ∇ ν , and µ, ν = 0, 1, 2, 3. The new scale of gravity is given by M s ≤ M p 2 . The three gravitational form factors F i are reminiscent of any massless theory, and are constrained by the perturbative unitarity and ghost-free condition (assuming that the transverse and traceless graviton propagates in the spacetime) derived in Ref. [5] . Around the Minkowski background the constraint reads
Furthermore, the propagator of this theory is given by [5, 32, 33] 
where the only degrees of freedom are given by the massless transverse-traceless component of spin-2 graviton, 2 We work in Natural Units: = 1 = c.
and P 2 , P 0 s are the two spin projection operators along the spin-2 and spin-0 components, respectively; while
In order to have no new dynamical degrees of freedom, the form of a( ) is restricted to be exponential of an entire function. One simple choice is indeed
The other choices of entire function have been explored in Refs. [34] , which illustrates universal behavior in the Newtonian potential from IR all the way up to the UV regime.
III. LINEARIZED METRIC SOLUTION FOR AN ELECTRICALLY CHARGED SOURCE
We now want to determine the spacetime metric for an electrically charged source in infinite derivative gravity, in the linear regime. The linearized field equations corresponding to the action in Eq. (1), with the ghost-free choice in Eq. (5) are given by [5] :
The two-rank tensor τ µν stands for the electro-magnetic energy-momentum tensor which is defined by:
where F µν = ∂ µ A ν − ∂ ν A µ is the electro-magnetic field strength, with A µ being the potential-vector. We will consider the case in which the source is static and spherically symmetric, and no magnetic monopole is present, thus the only non-vanishing contributions of the electromagnetic field-strength will come from:
where E r is the radial component of the electric field, with the Coulomb constant k e = 1 in natural (Gaussian) units. We will work in the case of weak gravitational field and static source, so that the metric solution can be written as:
where (t, r, θ, ϕ) are the isotropic coordinates, dΩ 2 = dθ 2 + sin 2 θdϕ 2 , and Φ and Ψ are the two unknown gravitational fields that need to be found. By looking at the 00-component and trace of the linearized field equations in Eq. (6) we obtain, respectively:
(10) From the metric-form in Eq. (9) we note that h = 2(Φ − 3Ψ), h 00 = −2Φ and h ii = −2Ψ, thus we obtain two differential equations for the two metric potential Φ and Ψ:
In the case of an electric charged static source the energymomentum tensor in Eq. (7) turns out to be traceless, τ = 0, while the 00-component is given by τ 00 = Q 2 /8πr 4 , so that Eq. (11) reads
The details of solving the differential equations above are laid out in Appendix B. Here, we state the final result for the two metric potentials:
where
is the Error function and
is the Dawson function. Note that Φ = Ψ, as it also happened in the GR case (see Appendix A). In the case Q = 0 we recover the linearized IDG metric for a static neutral point-source derived in Ref. [5] , as expected. In the IR regime, M s r 2, the potentials in Eq. (13) reduce to those of the linearized Reissner-Nordström metric in GR, Eq. (A14), as the asymptotic expansions for the Error function and the Dawson function are Erf(x) ∼ 1 and F(x) ∼ 1/2x. More interestingly, in the non-local regime, M s r 2, the metric potentials Φ(r) and Ψ(r) approach non-singular constant values given by: because for x 1 one has Erf(x) ∼ 2x/ √ π and F(x) ∼ x. Note that when Q = 0, we recover the case of neutral source, A = B = GmM s / √ π. In Fig. 1 the potential Φ has been plotted as a function of M s r and a comparison between ghost-free IDG and GR has been made. We have chosen the values G = 1, m = 1, M s = 0.5 and Q = 0.5. It is also worth mentioning that the force per unit mass, F g (r) = −∂Φ/∂r, goes to zero linearly as a function of r. This vanishing force shows a classical aspect of asymptotic freedom in ghostfree IDG [5] .
Since we are working in the linearized regime, we need to satisfy the following two inequalities: 2|Φ| < 1 and 2|Ψ| < 1. First of all, note that it is sufficient to focus just on one of the two inequalities, as the two metric potentials are almost the same apart from a factor 1/2 appearing in the gravitational contribution due to the charge; see Eqs. (13, 16) . Moreover, for simplicity, we can drop all numerical factors and just focus on the essential parameters m, G = 1/M 2 p , M s and Q. Mathematically, the weak-field inequality can be also satisfied when the neutral and charged contributions to the gravitational potential are both very large but such that the modulus of their sum is still less than one. However, from a physical point of view, in order to satisfy the weak-field inequalities, we need to require that both contributions have to be smaller than one 4 [5]:
We can immediately notice that, with respect to the neutral case, we now have the additional inequality in Eq. (18); together they will play a crucial role. In fact, we can make the following important observations.
• In the case of the Reissner-Nordström metric in Einstein's GR one has to demand that the inequality
always holds true in order to avoid the formation of a naked singularity during a collapsing phase. This is one example of the weak formulation of the cosmic censorship conjecture; see Refs. [29] [30] [31] . In the case of a charged source in ghost-free IDG there is no need to require a cosmic censorship conjecture as the theory turns out to be singularity-free.
• Thus, in Einstein's GR one cannot describe the gravitational field generated by objects for which
such as for an electron.
In ghost free IDG, both inequalities in Eqs. (19, 20) are allowed. Indeed, consistently with the weak-field inequalities in Eqs. (17, 20) , we can have two possible scenarios:
The most interesting case is the one described by the second inequality, Eq. (22) , which says that in ghost-free IDG we can study the gravitational field of an object whose charge is bigger than its mass (in units of Planck mass), allowing us to include, for example, an electron in IDG 5 .
• Finally, note that in the short-distance regime, r < 2/M s , one can in principle also have repulsive gravity, when
and it is only compatible with the scenario in Eq. (22), and not with Eq. (21), as can be easily checked. However, such a repulsive contribution would be confined within the region of non-locality, while outside, gravity would be still attractive as in the standard GR.
IV. CURVATURE TENSORS
We have computed all curvature tensors for the linearized IDG metric in Eqs. (9, 13) . All curvature expressions are evaluated up to first order in G, as we are working in the linear regime (h µν ∼ G). The full expressions are shown in Appendix C; instead, in this section we wish to emphasize that the presence of non-local gravitational interaction is such that all the curvatures tensors and invariants are regularized at the origin, i.e. at r = 0. Therefore, we will focus on their forms in the region of non-locality, r < 2/M s .
In the non-local dominated regime many components of the curvature tensors vanish, while the remaining tend to finite constant values. The non-zero components of the Riemann tensor are given by
the non-zero components of the Ricci tensor:
and the Ricci scalar:
Finally, we can notice that all components of the Weyl tensor tend to zero in the non-local region, as we take M s r → 0:
which implies that the static metric of a charged source becomes conformally-flat in the UV regime, r < 2/M s . In fact, in the short distance regime, the metric in Eqs.(9,13) ca be approximated to
which can be put in a conformally-flat form by introducing a conformal time, τ , through the following coordinate transformation
such that the metric in the non-local region reads
where η is the Minkowski metric and F 2 ≡ 1 + 2B > 0 is the conformal factor. In Fig. 2 we have plotted the component C 0101 of the Weyl tensor for both the charged case in ghost-free IDG and Reissner-Nordström in GR.
We can note that, by setting Q = 0 we recover the curvature tensors for the ghost-free IDG neutral case obtained in Ref. [16] , as expected. Furthermore, we have computed all the curvature invariants squared. Their full expressions are shown in Appendix C, while in this section we will present their values in the non-local region. In the non-local regime, r < 2/M s , the Kretschmann scalar K = R µνρσ R µνρσ tends to the following finite constant value:
In Fig. 3 we see explicitly that the Kretschmann invariant for a charged source in ghost-free IDG is regularized at the origin, unlike the case of Reissner Nordström in GR where we have a curvature singularity. Moreover, in the non-local region, the non-zero components of the Ricci scalar squared and the Ricci tensor squared are given by the following finite constant values:
(32) While the Weyl tensor squared vanishes for r < 2/M s :
For completeness, it can be checked that the squared curvatures satisfy the following identity:
Needless to say, all the curvature invariants for the case of a point-charge source in ghost free IDG reduce to those of the uncharged case, Q = 0, obtained in Ref. [16] , as expected.
V. CONCLUSIONS
In this paper we have found a linearized static metric solution for an electric point-charge in ghost-free IDG whose action is governed by Ref. [5] . We have noticed that all the features of the case of neutral source are still kept; indeed the metric turns out to be regular at the origin and all curvature invariants are singularity-free. Moreover, all components of the Weyl tensor tend to zero in the nonlocal region, r < 2/M s , meaning that the spacetime metric approaches conformal-flatness in the non-local regime.
We have also shown that in ghost free IDG there is no need to require the cosmic censorship conjecture as the spacetime is singularity-free. Moreover, unlike the case of Reissner-Nordström in GR, in ghost free IDG no constraint has to be imposed on the relation between In these units the Schwarzschild radius is r sch = 2. Note that, unlike in GR where the linearized approximation would break down for r ≤ 2, in the case of ghost-free IDG we can smoothly approach r = 0, provided mMs < M 2 p and |Q|Ms < Mp. From these two plots it is obvious that the presence of non-locality helps to avoid the curvature-singularities at the origin. mass and charge of the source. Indeed, we can have cases where |Q| > m/M p is satisfied, allowing us to include in the theory objects such as an electron. Furthermore, we would expect that massive compact charged systems, devoid of singularity and event horizons can be found in this case too, similar to the case of neutral source studied in Ref. [23] .
Appendix A: Reissner-Nordström metric in Einstein's general relativity
In this appendix we wish to briefly review the main aspects of the Reissner-Nordström metric in GR; in particular we will introduce its form in the isotropic coordinates which is usually not studied in the standard text-books. The Reissner-Nordström metric is a non-vacuum solution of the full non-linear Einstein equations:
where τ µν is the electro-magnetic energy momentum tensor
Assuming that no magnetic monopole is present, the only components of the field strength F µν will be given by the electric field part; then, due to spherical symmetry there will be a radial dependence so that the only nonvanishing components are F 10 = −F 01 = Q/r 2 . In the Schwarzschild coordinates (t, R, θ, ϕ), where R is the polar radial coordinate, the metric reads
where dΩ 2 ≡ dθ 2 + sin 2 θdϕ 2 , m and Q are the mass and the charge of the source, respectively.
One can immediately notice that the ReissnerNordström metric posses two horizons that are defined as:
where r + is called outer horizon, while r − inner horizon. We are now interested in finding the corresponding weak-field approximation for the metric in Eq. (A3) and to do so, as it happens for the Schwarzschild metric, it is more convenient to use the isotropic coordinates (t, r, θ, ϕ), where r is the isotropic radial coordinate that in the case of Reissner-Nordström metric is defined by the following transformation:
In isotropic coordinates the metric in Eq. (A3) becomes:
it is evident that for Q = 0 we recover the Schwarzschild metric in isotropic coordinates. We can now make an expansion for weak gravitational field and stop at the linear order in G, thus the metric in Eq. (A6) in the linearized regime reads:
It is very important to stress that the metric in Eq. (A7) can be also obtained with a different procedure, i.e. by perturbing the metric around a Minkowski background and working in the linear regime:
so that the Einstein field equations in Eq. (A1) in the linear regime are given by:
By working in a weak field regime and considering the case of a static source, the spacetime metric can be written as:
where r is the isotropic radial coordinate; thus the only two unknowns we need to find are the two gravitational potentials Φ and Ψ. By looking at the 00-component and the trace of the linearized field equations in Eq. (A9) we obtain:
Using h = 2(Φ − 3Ψ), h 00 = −2Φ and h ii = −2Ψ we obtain two differential equations for the two gravitational fields Φ and Ψ:
In the case of a charged static source, the energymomentum tensor turns out to be traceless, τ = 0, while the 00-component is given by τ 00 = Q 2 /8πr 4 . We can now solve the two differential equations in Eq. (A12) and obtain:
where C 1 and C 2 are two integration constants whose value can be fixed by imposing physical suitable boundary conditions. First of all, for r = ∞ we want that Φ and Ψ are zero (asymptotic flatness) which means C 2 = 0; while C 1 can be found by imposing that for Q = 0 we have the usual Newtonian potential, thus C 1 = Gm :
Notice that in the case of a charged source Φ = Ψ. It is clear that the linearized metric in Eq. (A10) with the gravitational fields derived in Eq. (A14) coincides with the metric in Eq. (A7) which we derived instead by starting from the full non-linear Reissner-Nordström metric. It is very important to note that in the weak field approximation one has 2|Φ|, 2|Ψ| < 1, which means that the radial coordinate has to always be greater than the outer horizon radius, r > r + . Thus, in Einstein's GR it so happens that the linear approximation breaks down once one approaches the horizon. As we have seen in the paper, this is not the case for infinite derivative gravity, where (for both charged and neutral sources) the linear regime holds all the way up to r = 0.
Appendix B: Working with infinite order differential equations
We can solve the differential equations in Eq. (12) in several ways, for example by making the following temporary field-redefinitions:
so that the equations in (A8) become
The structure of these equations is similar to the one we have in the case of a charged source in Einstein's GR, i.e. Reissner-Nordström, as also shown in Appendix A in Eq. (A12); thus the solution will be also of the same structure as the one in Eq. (A13):
By requiring the boundary conditions of asymptotic flatness one gets C 2 = 0; while C 1 can be fixed that for Q = 0 one recovers the case of neutral point-source, which means C 1 = Gm. In terms of the real fields Φ and Ψ, Eq. (B1) will give: Φ(r) = −Gme Thus, by using Eqs. (B5,B6), we can now obtain the expressions for the two metric potentials in Eq. (13).
Appendix C: Full expressions of the curvature tensors
In this appendix we show the full expressions for all curvature tensors and invariants for the IDG linearized static metric for a charged point-source derived in Eqs. (9, 13) .
The Ricci scalar is given by: 6 We can also consider other choices of entire functions, for example we can generalize Eq. (4) to a( s) = e (− s ) n . In such a general case the factor e −k 
